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FOREWORD

In respon~n to requests from tLe Pacific Naval Facilities
Engineerialg Cop.and, the Naval Oceanographic Office conducted
two environmen:ai-.ecological surveys at Guam in 1971. This
report publishes the results of these investigations. It
not only provides answers to the problem3 of the requester
but adds considerably to the knowledge of the currents around
the island. The ecological study, in turn, provides a basis
for monitoring the coral reef habitat for any changes caused
by man or nature.

Captain, U.S. Navy

Commander
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I. INTRODUCTION

The Naval Oceanographic Office initiated a study of nearshore
currents and coral reef ecology of the island of Guam, Mariana Islands
during 1971. The study was designed to assist the Government of Guam
and the U.S. Navy in planning the locations of proposed sewer outfalls
and in determining the level of sewage treatment required to prevent
toxic levels of pollution on the beaches of Guam and ecological damage
to the surrounding coral reefs. A nearshore ecological study was in-
itiated to provide an ecological baseline whereby changes in the coral

*reef communities can be detected and the causes determined, whether
natural or manmade.

A. Approach

Two field investigations were scheduled to be conducted during the
maximums of the summer and winter climatic conditions. The winter sur-
v'.y was made during the period 4 February through 3 March, and the sum-mer survey was conducted from 19 August through 15 September.

Nearshore currents were investigated through the use of arrayed and
bottom-mounted current meters and drogue and dye tracking. A coral reef
ecological investigation was initiated in the vicinity of present and
proposed ocean outfalls and at other selected sites. A general ecolog-
ical investigation of the coral reefs was made during the initial
(winter) survey. During the summer survey, eight ecological survey
areas (quadrats) were established. Figure 1 shows a summary of the work

conducted during the two tield investigatiuns.

B. Previous Investigations

". Nearshore currents in the vicinity of Agat and Agana were briefly
investigated by the Pacific Islands Engineers (1951) during 1946 and
1949 with the use of surface drifters. Their studies, which covered 1-

* and 2-day periods during the months of February, March, April, May,
June, July, August, and September, revealed westerly currents at both
locations.

The Marine Laboratory o- the University of Guam conducted a detailed
study of the Agana ourfall from Septp- ber 1969 to Se--tember 1970 (Jones
and Randall, 1971). Their investigations included a currents study of
Agana Bay and the Agana reef flat and an ecological study in the im-

KD: mediate vicinity of the Agana outfal. Their current weter and drogue
data indicated a predomnance of southwest currents that varied in re-
lation to the tidal phtse.

"racey et al. (1964) reviewed the literature on the scientific
stud..es of Guam. The major emphasis of these studies was on terrestrial
and marine geology.

:i



_______________ 144*40'E Sc 0_____

rFKIIDIAN ECIN 24 FEit

I 24 FEB
I26 AUG.*
420. 404. 4170

40 26 AUG, 024 FEt.:40
GUAM MAIN ISLND

V N RITIDIAN
/1 N PT.

FA~AN SCTON/ IP.72 TANGUISSON'PT I
/ 1SP0 /

I SEP /

22 .,si~. N424~ TUMO5 iAY

rAGAT SECTION 9,~~ YSPT NII. 13
Fgg*VI7AUO 09 SEPT. 134 00/

27 AUG* 14848,11A

22 F18 UG 420 NJ
27 AUG*

20 AUGhSE. 430- - -- -- -

23 FE D 20
223 FEIB 0 27PT

00 AUG. AT

22~~1 FEB.JECTION 32

IS.~ ~ ~~ I~ - 03 P tw UDA

2427
NMEN

N1 < 46 1IE PROFILEN

Z tLW41 W DE

22

Figure 1. Summary of survey operations conducted during two field
investigations February - March 1971 and August - September 1971.

_ _ _ _ _ _ _



Coastal marine geological studies of Guam that have Pcological
application have been coiducted by Johnson (196t), Emery (1962), and
Tracey et al. (op. cit.). The paper by Tracey et al. presents a brief
discuccion of the western fringing reefs of Guam.

Of iwmense value to the ecological port-on of thin study was the
work done by Cloud (1959) at Saipan, Mariana Islands; an island envir-
onmentally similar to Guam. Cleud presents a detailed description of
the reef and discusses the shoal-water ecology.

II. METHODS AND PROCEDURES

A. Currents

To determine the probable route of pollutants, water currents along
the coast of Guam were observed using dye injections, parachute drogues,
and recording current meters.

At selected areas along the coast, rhodamine (types W.T. and B) and
fluorescein dyes were injected by either wading to the outer reef flat
and dumping liquid dye or by dropping solidified dye cake arrays from a
helicopter. The pattern of dye dispersal was then photographed and
charted from a helicopter to determine surface water transport for the
period during which the dye patches were observed. Tidal and meteorc-
logical data vere obtained for the dye dispersal periods to discover
their influence on surface water movement.

Parachute drogues were deployed at various locations to determine
surface water movements. Each drogue consisted of an 8-foot (2.4-meter)
aluminum pole (with flag) inserted through a scyrofoam float. An 8-foot
(2.4-meter, diameter parachute was tethered at 5 feet (1.5 meters).
The drogues were tracked by radar range and bearing fixes. Richardson-
type, film-recording current meters were installed on bottom stands and

A : deep water arrays. These meters used a Savonius rotor for speed sensing
and a vane that aligns viith the current for direction. The data obtained
from the meters were coded on photographl. film and were decoded and
placed on magnetic tape for comp,:ter proce,3ing. The computer provided
a separation of each current vec.or into north and east components and
an average of the 10 vectors obtained during each 50-second sampling
period. The data were then mach-ine plotted to provide a graphic display
of all the data for the study period. Machine plots included current
speed and direction histograms and frame number versus speed and direc-
tion. Progressive vector diagrams were constructed for selected data
segments. Table 1 summarizes the current meter implants and presents
maximum and modal speeds for each meter.

3



Table 1. Summary of current mtLer installations at Gjam in 1971.

Water Me.er Speed Recorded

Location Meter Data Period Depth Depth (knots _)

Station Lat.(N) Long.(E) Number Start (LCT) End (LCT) Method (it.) (Ft.) Maximum Modal

BOttom
Cocos 1313'50" 144*38'10" 418 11.45,28 Aug 1325, 9 Sep Stand 95 90 0.65 0.01

Merizo 13'16'15" 144*39'25" 407 1230,21 Aug 1250, 9 Sep Bottom 40 35 0.77 0.09

CocosStand

Bile 13*16'36" I16439'06" 223 1110, 7 Feb 1330, 3 Mar Buoyed ZOO 50 0.30 0.06

Bottm
Bile 13"16'45" 144*39'30" 412 1318,21 Aug 1108, 9 Sep Stnm 50 45 0.23 0.01

Bot tom 50 4 0.0 .5

fella 13"19'35" 144"38'40" 426 1247,28 Aug 1037, 9 Sep rtand 50 45 0.40 0.05

Facpi 13"20'30" 144*37'45" 405 1430,21 Aug 1020, 9 Sep t 55 50 0.99 0.11

Agat 13"23'18" 144*38'30" 175 1100,11 Feb 1310, 2 Har Bottum 35 30 0.19 0.00

Agat 13123'35" 144"38'50" 427 1520,21 Aug 0916, 9 Sep Bottom 49 44 0.32 0.04Stand

Tantapalo 13*24'57" 144"38'25" 323 1130,11 Feb 1350, 2 Mar Bottom 65 60 0.34. 0.03

Tantapolo 13*25'00" 144'38'18" 213 1745, 7 Feb 1945, 9 Feb Buoyed 270 50 1.00 0.12
Bottom 65 0 0.5 .0

Tantapalo 13*24'50" 144"38'25" 429 1015,22 Aug 0900, 9 Sep otand 65 60 0.55 0.05

Apra 13*27'00" 144*38'00" 272 1600, 5 Feb 0600, 8 Feb BuoyeO 125 110 0.50 0.05
Bottom 13 12 .8 00

Apra 13'27'10" 144*38'40" 430 1415,23 Aug 0255,26 Sep rtand 130 125 0.08 0.00

Orote 13"28'20" 144*37'39" 408 1550, 3 Sep 1350,14 Sep Buoyed 2,775 539 0.89 0.14

Orate 13"28'20" 144*37'09" 428 1310, 3 Sep 1350,14 Sep Buoyed 2,775 1,349 0.64 0.07

Orote 13*28'20" 144"37'09" 411 1320, 3 Sep 1510,14 Sep Buoyed 2,775 2,740 0.33 0.07

Cabras 13*28'00" 14439'24" 361 0010,25 Feb 1430, 2 Mar Bottom 40 35 0.59 0.25

Cabras 13"2805" 144*39'45" 419 1120,22 Aug 1110,12 "-p Bottom 55 50 0.29 0.08
Stand

Agana 13"29'06" 144"45'30" 346 0800,16 Feb 1350,19 Feb Bttom 35 30 0.88 0.15

Agana 13"29'12" 144"45'30" 103 1610, 6 Feb 1525, 2 Mar Buoyed 300 50 0.50 0.05

Agana 1329'15" 144*44'40" 406 1210,22 Aug 1230,12 Sep Botat 65 60 0.36 0.10

Ypao 13"30'40" 144"46'55" 424 1110,24 Aug 1230,12 Sep Bottom 120 115 0.27 0.06

Fafal 13"31':0" 144"47'50" 423 1456,22 Aug 1320,12 Sep Bottom 100 95 0.35 0.00
Stand

Tanguisson 13*32'36" 144"47'48" 356 1305, 6 Feb 1145,12 Sep Buoyed 300 50 0.74 0.07

1333'25" 14448'25"o 413 1410,22 Aug 2v20,22 Aug ttom 50 45 0.27 0.13

Tanguis:on Stand

Hilsan 133350" 14448'50" 411 1330,24 Aug 1720,12 -p Bottom 75 70 0.40 0.04
Stand

Ritidian 13*41'42" 144"51'38" 420 1017,25 Aug 1247,13 Sep Buoyed 1,200 89 0.99 0.25

RLitidian 13"41'42" 144"51'38" 404 1120,25 Aug 1410,13 Sep Buoyed 1,200 200 0.92 0.15

Ritidism 13"41'42" 144"51'38" 417 1510,25 Aug 1430,13 Sep Buoyed 1,230 1,165 1.97 0.56

.... J4



B. Coral Reef Ecolcay

During the winter survey, preliminary ecological data were collected
in the vicinity of present and proposed sewage outfa]ls and at Sella

Bay. Utilizing snorkling and SCUBA apparatus, oceanographers extensively
photographed and described eight reef areas. The results of these ef-

forts are presented in the interim report of the initial field survey

(Naval Oceanographic Office, 1971).

Based on analysis of the data from the winter survey, eight loca-
tions were selected for installation of permanent ecological monitoring

stations (quadrats). These quadrats were selected to be representative
of various reef environments in areas of expected pollution as well as
control areas not likely to be subjected to pollution.

Each quadrat is 10 meters (32.8 feet) square and is divided into
nine smaller squ res, 3.3 meters (10.8 feet) to a side. Concrete blocks
permanently aarr the corners of the quadrat.

The sessi .e organisms located within the quadrat were identified and

charted on underwater slates. Using underwater phoLugrammetric tech-
niques, the entire quadrat was photographed and a photomosaic construc-
ted. From the underwater chart and the photomosaic, a chart of each
quadrat was constructed showing the distribution and types of bottom
organisms.

In addition, various individual organisms within each quadrat were

selected for close-up photographic documentation.

III. RESULTS AND DISCUSSION

A. Currents

Guam lies directly in the path of the North Equatorial Current,

which sets westward across the central Pacific between 8* and 150 N.
The average surface speed ranges from 0.3 to 0.8 knot (.15 to .40 m/sec),

A. but .3peeds of 2 knots (1.0 m/sec) can be reached during strong winds.
Surface current directions of the North 7-iatorial Current vary from the
NW quadrant during winter to the SW quadrant during summer. The presence

kil . of this major ocean current sweeping past the island is undoubtedly an
important factor controlling nearshore currents, especially along the
east coast of Guam and at its northern and southern extremities.

Tides at Guam are semidiurnal with considerable diurnal inequality.
The mean range is 1.7 feet (.51 meter) and the diurnal range (difference

in height between mean higher high water and mean lower low water) is
2.4 feet (.72 meter). Tides are a major current producing force espe-
cially in shallow water and in restricted channels or straits. Because

5



of the large diurnal inequality, the differences in heights between
highs and lows must be considered as well as the times of highs and lows
when comparing tides and currents at Guam.

Winds are an important factor influencing surface currents. Strong
winds tend to mask the effects of other current-producing forces. Guam
lies in the belt of northeast tradewinds. Tradewind flow is dominant
during all seasons, but it is especially pronounced during the winter
season (January through May). During the summer season (July through
October) the effect of the tradewinds is somewhat diminished, and winds
from every direction are not uncommon. Typhoons are most frequent dur-
ing the summer season, and although they are common in the vicinity of
Guam, none affected the area during the periods of data collection.
Figure 2 shows the speed and direction of winds observed at the Naval
Air Station, Agana during the periods of the two field surveys. Figure
3 presents a comparison of wind roses for historical data to wind roses
of data for the survey periods. This comparison reveals considerable
similarity between zh. historical data and observed winds during 1971.

To simplify the presentation and discussion of current data, the
west coast of Gtsm has been divided into five .ections as shown in fig-
ure 1.

1. Bile Section

This sec ion includes the southern tip of the island to as far
north .s Facpi Point. The coastline between Facpi Point and Cocos
Lagoon is well sheltered from the dominant northeast tradewinds and from
the direct influence of the North Equatorial Current. As might be ex-
pected, the current meter data and dye observations show that, with the
exception of the southernmost meter, currents in the section were pri-
marily controlled by tides and local winds.

A single current meter (#223) was installed in this section
during the winter survey. It was placed at the 50-foot (15.2,-meter)
depth on an array in 200 feet (61 meters) of water off Bile Bay, a pro-
posed site for an ocean outfall. Figure 4 presents current speed and
direction histograms from this meter. The current direction histogram
portrays a dominant easterly flow. An analysis of this easterly flow is
illustrated in figure 5, which portrays a short segment of the current
meter data in the form of a progressive vector diagram. This diagram was
constructed by aligning hourly current vectors so that the origin of each
vector is at the end of the previous vector. A progressive vector
diagram can be regarded as a chart showing the path of a water particle
as if it were continuously subject to the current at the meter location.
The actual situation may be much different, as the water particle is
subject to different and unknown currents as soon as it leaves the meter
location.

6

_-7- |,



STRTt)-
TVF~SAR 166IT T

STRT22 -

START 2 3 - -
SSTART 126

STAR 225
0

135T35 -

STAR 03 so

-20

W U', )wL1 M I -

0 tIH ----- __ ----- _.............

0 6 1 6 0 6 1 s 0 6 1 8 0 6 1 s 0 6 1

5 FEB 6 FE. 7 E E.9FB



START 323-

DYE
OBS

se 06 0 t"0e * 0 0 0 * 0 00 Ge
0 S~ 00 00

6 12 Is 0 8 12 Is 0 6 12 is 0 6 12 18 0 6 12 1S 0 6
S FEB. 9 FEB. 10OPED; 11 FEB. 12 FEB. 13

flA7F/TIMF (HR4S)

Figure 2. Speed and direction of winds observed at the Naval Air Stat
periods and dye and drogue observation dates for the two fi



FF7~~A 346_____ _

START 3461

AT 224

- £110 224

277
DROGUE OBS.

22

ISO-

DYE 085.

0 90- @S~~

000 IW 0. 0

0-

20

1-

TTF 16 20 24 20~
IS 0 6 12 18 0 6 12 is 0 6 12 Is 0 7EB. DAILY AVG, 0 6 12
8.13 FEB. 14 FEB. 15 FEB. (DAYS) I MAR.

,TIME MHRS)
Sthe Naval Air Station, Agana showing current meter implant
ares for the two field investigation periods.

7

A.



F F 7 7  I iI ! I

START 346 ENND346
START 361 END 361

-, . 224 CONT. THRU 5TH MAR.
- i n] END 323

- ~- END 213
- , .END 166

D 224

END 356

- END 103
END 223

END 28

313

270 -i
UROGUE OBS.

22 5

180-
w.

DYE 08S.

.0 .0 130
toI- o. 3

0 -
45

w

0

20 ________

125

WI0  20_i_2

016202=4 =s" -T -- T---
is 0 FEL DAILY AVG. 0 6 12 18 0 6 12 18 0 6 12 is 0

(DAYS) J MA. 2 MAR. 3 MAR.



START 40 4

START 430,,
START 406,T,uJ--Z ~ ~~~START 405 m m, ,' ,' "'"-

< ~STA RT 410 i , , ,z START,,-

STR STAR 41,,," 3. .
START 412

START 41S

STRSTART 
4

TT
S RSTART 413

STARTT 4:0

SSTART 427

START 424SA

START 429

360 -

315 '

270 -

z

0

10 61 1 0 2 is 6•1166 28 0 121

1,

• •Figure 2. C

45 - • o• '- .0' o,

0 •

o0
z .. f

x -I I ]l l
o15 -I B 6 i 1 & , , ; ,2 i ' '

wo*a ,A 2AO.Z U ,AGZ u
A. 'TI
Viur 10z rcti pn5 dn

3tJ



SART404-

START 4104'-0 .- , ,,,,

START 418-

i IIIl- ~

START 426-
START 47

- -- I I.ii

STTART 420AR 1- ' -

START 424T ,.

DROGUE OBS

so 0 0

0 0 00 0 00 00 * @ S
40 00 So040 0

*001 96 0 0 000 0 S Op0
0 0 _ 0 * 0 0 0

III I I--* 0 II I

-- -00 ---- -0===4 *==.

12 l$ 0 6 12 1S 0 6 12 is 0 6 12 Is 0 6 12 is 0 6 12 Is 0 6 12 18 0
3 AUG. 24 AUG 25 AU.G 26 AUG. tr AUG. 25 AUG ~.u

DATE/TIME (HIRS)

Figurc 2. Continued -



- mr r m T i i m T

- -Ii Si

- _ _ _ _ __ _ _ _ __ _t

START 418- -,-

START 426,-

.... ______

DROGUE OBS

DYE •OBS. 00

3

g* *0

0 0

o* 0" 0, - o% "@ " 0

o 6 12 1 0 6 12 IS O 6 12 18 0 12018 0 6 12 18 ) 6 12 1 0

r"26 AUG 27 AUG, 28 AUG 29 AUG. 30 AUG 31 AU'G,

STME (HRS})

Conti{nued

[9

* . .0 0** * -..0*

Ln~
o- I 6 - 12 IS 0 ' 6 12 ,. 0 6 12 I 0 6 I - !2 IS 0



- -~ - ----

START 40 i
START 411i--
START 42 -- m

w

o~ -.
27 4.

s-. 4.- a .
ha _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _

90- -110

46 0
0? 0- 000%

0-0

o 0
ha
w

0 1 I 0 0 2 I 2 i t I i I 2 i
;13I *ji_______ 2 SEPT._____ 4__________SEP

A.0



- - - - END 405

- - - LNO 407

- - m m END 412

-- -m END 46

DYE DOU B

0*% 
% e.

IS0 0**nse .0 so % 0"tPoo

*0 0 10

so0

n0 mp

-U----- 
m~~1~ ~ ~ ~ p_______

HIQ HIM
.. . .. .

12 i 1 1 0 6 t I 6 1 S 0 s t is 0 12 I

5 SEPT. 6 SEPT 7 SEPTa SEPT. 9 SEPT. 30 SEOT I ISEPT.
(DATE/fTE (HRS)

Figure 2. Continued

Preceding pa



- END 406
- END 411

- -END 426

-N 40 430 CCMT TI4RU 26 SEPT
- - END 406

10 405
- END41

ENO 407
- ~END 413

END 412
.END 410

- END 415
ND 426

-END 419 ED1

- - ENDi 420
- END 423

427
- END 424

429

DROGUE 0 0

00 0 .10,10 0

0~I 0% DOJ% *

0 04001 * 0

0.0 we 0I0

01 SEAT 40002^ET I ET ET.IS

PreclingpageblIn

* -.-- .--- Is



NORTH

1> 75759

0.3 0.0 -

FEB 1920.1970 5-28 FEB 1971

......................................................

0 0 20 3040 50 60 70090100 0 10 20 30 40 50 60 70 8090 i00

2137,

AUG (1918-1969)SEPT (1885.1969) 14 AUG .15 SEPT 1971

I I ... *.... "l " ;l 1 ", " . .

0 10 20 30 40 50 60 W0 8090 0 0 020 3040 50 60 70 80 90 o0

NUMBER OF-059LGN
OBSERVATIONS KNOTS ROSE SCALE (PERCENT FREQUENCY)

20 _10 1-I -3 44 0 1 i0 2 w0 3 i0 4 i0 50

PERCENT FREQUENCY -4 WIND SPEED SUMMARY

11. 8212

PERCENT 0.3 KNOTS 1-12-3---

.. V,. .f nrF..7

0 10 20 3040 560 70 80 90100PERCENT

Figure 3. Aind roses of historical data and 1971 data.

pReceding pge blank 13

+.- UMBE OF - AL



13020 N

N CURRENT SPEED HISTOGRAM S !

FD T PEID1101 FEB. 971
ITO 13, 3 MAR ,97

o METER 223
> T SEACH

Z,,'

00 02o 0
ROTOR SPEED IN KNOTS

CURRENT DIRECTION HISTOGRAM
SCALE. 10571 OBSERVATIONS=
DATA PERIOD 1110, 7 FEB 1971

,f TO 1330, 3 MAN 1971

mza GUAM, MARIANA ISLANDS

I I__ 0 t M

0.0Coo 
s

S-28 FESNUARY 1971 t W

OI 
wI 1- 

AM -

0 0 30 40 soI 0 gso 90 ,0 ,

WXl SCALE 10t*CZN? FRIOUIICY
o 1O 30 i 30 40 30

144 0'E

Figure 4. Current speed histogram and current direction histogram

for the Bile Section n winter including meter #223 and a wind rose

for the data period.
14

A-!



Figure 6 shows that currents at meter #223 progressed primarily
in a series of northeast and southeast excursions. This can be inter-
preted as a steady easterly flow superimposed on a periodic north-south
current. The exact character and origin of the pcriodic current is
indefinite. Major changes in direction occurred at 4- to 8-hour inter-
vals similarly to the tidal changes; however, correlation of these
changes with tidal highs and lows is poor. The periodic current prob-
ably results from a combination of tidal and local meteorological effects.
The steady easterly drift is interpreted as part of an eddy current
created by the strong flow through Mamaon Channel. The presence of a
similar eddy on the south side of the channel is evident from the dye
dispersal study conducted on 3 September (fig. 20).

Five current meters were installed in this section during the
summe survey. Their locations and tbe resultant data are plotted in
figure 7. Meter #412 was installed n Bile Bay on a bottom stand in 50
feet (15.2 meters) of water. The meter recorded very slight currents

4 ranging in speed from 0 to 0.23 knot (0 to .115 m/sec). The greatest
number of observations was of currents flowing north and south-southwest.
Figure 8 presents a short segment of the data plotted as progressive
vectors. Any correlation of currents with tidal highs and lows is
questionable; however, there is some evidence of a slightly stronger and
more consistent flow before and after the major low tides. The progres-

IKU sive vectors illustrate the rate at which a pollutant would be carried
away from Bile Bay, if it were continuously subjected to the currens

rezorded at meter #412. Over the 3-day period the net transport was
slightly less than 2 nautical miles (3.22 km).

Dye studies conducted in the Bile Bay area confirm the pattern
of sluggisi water movement (figs. 9 through 20). In all cases, dye
released near the share spread out along the coast rather than moving
out of the Bay. Dye released in Bile Bay remained in the area and was
visible for exceptionally long periods of time. Dye released at 0905
hours on 31 August (fig. 17) was still present as a large patch 3-1/2
hours later. A similar situation existed during the winter dye dispersal
studies (figs. 9 through 13) in which dye remained in the area for up to
4 hours. Dye observations roughly paralleled the data recorded at the
current meter, indicating that the current meter record is fairly rep-
resentative of water movement in the entire bay.

Current meter #407 was installed at the 40--foot (12.2-meter)
depth at the entrance to Mamaotu Channel during the summer survey. This
site was selected to determine the exchange of the waters of bilE Bay
with Cocs Lagoon, an important recreational area, and to what extent
pollutants originating in the bay would affect Cocos Lagoon. Current
speeds ranged up to 0.77 knot (.39 m/sec) with a relatively large number
of observations over 0.5 knot (.25 m/sec). The direction plot shows that
currents were bidirectional, but that the predominant flow was easterly.
Current directions generally changed in concert with tidal cycles as
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shown in the progressive vector diagrams (figs. 21 and 22). During theperiod 21 through 27 August currents through Mamaon Channel varied be-tween inflow and outflow but were strongest during inflow. Figure 21 isrepresentative of this period. Outflow was predominant from 28 Augustthrough 9 September. Current speeds increased, becoming greatest aroundthe major high tide of the day. Figure 22 is representative of this
period.

If Cocos Lagoon were filling and emptying exclusively throughMamaon Channel, a periodic current would exist equal in both directions.The vector diagrams illustrate the presence of another current whichflows primarily westward through the channel. The origin of this steadycurrent is the filling of the lagoon by the action of waves of trans-lation carrying water across the reef flat. This wave-induced currentis greatest during high tides when larger waves can cross the reef flat,and for this reason higher currents were recorded at high tide.

Although the dominant flow was westward through Mamaon Channel,it must not be assumed that pollutants dumped near the channel wouldinvariably be carried away from the lagoon. As shown in figure 21,before 28 August, currents carried water from the Philippine Sea throughthe channel and into the lagoon. This situation was probably created bya temporary change in the direction and intensity of wave attack.

Current meter #418 was installed on the bottom in 95 feet (29meters) of water off the southwestern tip of Cocos Island. Currentspeeds up to 0.65 knot (.325 m/sec) were recorded; however, most speedswere very low. These low speeds were probably due to the presence of aprecipitous slope rising just east of the meter location, blocking theflow of the dominant northwesterly currents. The source of the dominant
periodicity is evident from the data recorded.

Currents at Sella Bay were investigated by means of eight dyedispersal operations (figs. 23 through 30) and the installation of cur-rent meter #426 on a bottom stand at 50 feet (15.2 meters). This meterrecorded very consistent currents flowing north and west. Speeds weremost common in the range of 0.05 to 0.11 knot (.025 to .055 m/sec). Thecurrent direction histogram shows a complete lack of currents in thesoutheast quadrant. This was not due to any local topographic obstruc-tior:, because the meter was installed on a flat bottom with no signifi-cant relief. Figure 31 examines a 4-day segment of the data in moredetail. This illustration portrays a series of north and west projec-tions resulting in a net northwest movement. Currents here were stronglyinfluenced by tides; the northward projection occurred before the majorlow tide of the day, and the westward projection occurred after the majorlow. Dye injected into inner Sella Bay moved more slowly than that in-
jected near adjacent points.
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Current meter #405 was installed on the bottom off Facpi Point
in 50 feet (15.2 mleters) of water. Current speeds recorded by this meter
were the highest in this section. The direction histogram shows the

* greatest number of observations to be north and south. Currents were
strongly related to tidal changes; flowing northward during ebb tide and

* southward during flood (fig. 32). The northward flow during ebb is
similar to that at Sella Bay, but at greater speed.

Four drogues were planted and tracked in this section during
the summer field survey (fig. 33). Three of the drogues moved to the
southeast for the first 1-1/2 hours, then they turned northeast for 2
hours and would have beached had they not been retrieved. The southern-

* ~ most drogue r.oved consistently northeast before shoaling.
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Based on the current data collected during this study, Bile Bay
appears to be a relatively poor location for a sewer outfall. Sewage
discharged into the bay will be caught by slowly eddying currents and
will remain in coastal waters for long periods of time. Slower exchange
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of waters can be expected in bays and other semienclosed bodies of
water, and therefore less rapid dispersal of pollutants than off more
exposed coastlines such as headlands or prominent points. The most
favorable locations within this section would appear to be at Facpi
Point and off the extreme southwestern end of Cocos Island. Mamatgun
Point or Fouha Point may also have more favorable currents than does
Bile Bay; however, a study of those locations would be necessary to con-
firm this.

2. A at Section

This section comprises the western coast of Guam from Facpi
Point to Apra Harbor. Currents in this section were investigated by
means of current meters at Agat, Tantapalo Point, Apra Harbor, and an
array of three meters off the western end of Glass Breakwater (figs. 34
and 36). Dye dispersal studies were conducted at Agat and Tantapalo
Point. brogues were released and tracked on five separate occasions.

Current meter #175 was installed during the winter field survey
on a bottom stand in 35 feet (10.7 meters) of water approximately 300
yatds (274 meters) directly offshore from the Agat sewer outfall. This
meter was located very close to the reef margin and in relatively shallow
water. The histograms (fig. 34) show very slight currents setting mostly
parallel to the shoreline, but the effect of wave action is evident by
the frequency of currents setting normal to the shoreline. Figure 35
examines a short segment of the data In more detail. The net drift dur-
ing the time of observation was to the west. Currents set generally
southwest on the ebbing tide and north during flood.

Current meter #427 was installed during the summer field survey
in slightly deeper water (49 feet (14.9 meters)) and several hundred
yards further offshore than meter #175. The direction histogram for
meter #427 shows a more exaggerated northeast-southwest alignment (fig.
36) than the shallower installation. In addition, the winter data from
meter #175 shows southwest currents to be dominant, whereas, the summer
data from meter #427 shows a dominance of northeast current'. Faster
currents were also recorded in the summer.

Two dye injections were made near the. Agat outfall during the
winter field survey (figs. 37 and 38), and nine injections were made
during tlhe summer survey (figs. 39 through 45). Dye injected and
tracked near Alutom Island and Nimitz Beach indicated a slow southerly
drift along the reef margin. The general pattern that emerges from the
dye studies at the Agat outfall is that of sluggish eddying currents.
On two occasions (figs. 39 and 42) dye deposited vear the mouth of the
outfall moved over the reef flat and spread out along the shoreline.
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Current meters were installed at Tantapalo Point during both
winter and summer field surveys. They were placed on a bottom stand in
65 feet (19.8 meters) of water 200 feet (61 meters) from an outfall which
dumps sewage over a cliff into the water. Data from meter #323, installed
during the winter field survey, are presented in figures 34, 47, and 48.
Most of the currents observed flowed toward the west:; however, the direc-
tion histogram shows a secondary peak toward the southeast. Current
speeds were strongly influenced by tides. The highest current speeds
occurred 1 to 2 hours after each low tide. Currents were westerly during
the peak flows changing to southeasterly after each high tide when speeds
were least.
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Figure 47. Current speeds versus tides from meter #323, 0000,
15 February to 1400, 20 February 197±.
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Figure 48. Progressive vector diagram of current from meter
#323, 0800, 13 February to 0800, 15 February 1971.
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A similar situation existed during the summer field survey as
shown in the data from meter #429 (figs. 36 and 49). Peak speeds oc-
curred during rising tide and lower speeds were recorded during ebb.
Speeds were generally higher during the summer, reaching a maximum of
0.55 knot (.275 m/sec). Currents flowed northwest during flood and
were variably southeast and northwest during ebb.
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60



NORTH

i~.INECED LEEN-------------APUNTUA POINTJ

L OBSERVED: 1605-- -

IDYE PATCH I
OU~RATON165HIGH NEYE ISLAND

(TIME IN T4OURW)

TATPAOPON
GUAM.TN MAOAN WSLAND

000

SCALE IN MILES

Figure 51. Dye movement at Tantapalo Point on 10 February 1971, P.M.
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attaining a maximum speed of 0.89 knot (.445 m/sec) at the shallowest
meter end a maximum speed of 0.33 knot (.165 m/sec) at the deepest meter. L
The current direction histograms show a northeast-southwest orientation
for the top and middle meters, but an almost circular pattern for the
bottom meter.

In figures 53 and 54 the relationship of the data to tides and
times can be examined more closely. At middepth currents flowed south-
west for 2 to 3 hours before and after each low tide and reached a maximum
speed approximately at the time of low tide. Similarly, currents flowed
northeast for approximately 6 hours around high tide and reached another
maximum speed at about the time of high cdde.

The surface meter sjowed a similar but opposite pattern during
the late evening and early morning hours; the flow being southwest at
high tide and northeast at low tide. Between approximately 0600 hours
and 2300 hours on 6 September a consistent southwest current was re-
corded. A maximum speed was reached during the times of high tides and
a minimum speed was reached at the time of low tides. This periodicity
resulted from a steady southwest current being reinforced by the tidal
current during high tide. The source of the steady current was prob-
ably the local winds that reached highest velocities at midday and died
down during late evening.

The bottom meter tecorded very sluggish currents that varied
in speed and direction without revealing any definite pattern. This
meter was only 35 feet (10.7 meters) above the bottom and might have
been affected by bottom topography.

Two current meters were installed near the bottom in Aprv
Harbor during the winter survey and one during the simmer survey. They
all recorded slRht to non-existent currents that appear to be caused
by the tidal emptying and filling of the harbor.

Five drogue-tfacking operations were conducted in Agat Bay and
off Orote Peninsula (figs. 55 through 59). Most of the drogues moved
northward; and, in some cases, with considerable eddying. On 23 February
the drogues drifted initially toward the east-southeast, but they turned
to aralle! the coastline upon approaching the island.

The current data collected in this section is another example
of t:he general unsuitability of bays a', other semienclosed waters for
sewage disposal. The slow eddying vK surface waters within Agat Bay
is in marked contrast to the stronger, more consistent flow off Facpi
Pol-.tt, Orote Peninsula, and Tantapalo Point. A water sampling program
conducted by the Guam Department of Public Health and Social Services

trevealed that the sewage released at the Agat outfall pollutes a large
area of Agat Bay. The outfall at Tantapalo Point appears to be in a
more favorable location. Th6 preyailing currents tend to carry the
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Figure 57. Drogue observations in Agat Section, 27 August 1971.
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effluent west along the rugged, unpopulated coast of Orote Peninsula

where it is eventually dispersed by the strong currents off the tip ofthe peninsula.

3. Agana Section

This section extends from Cabras Island on the west to Ypao
Point on the east. The northerly facing coast is more exposed to the
northeast trades than the sections discussed previously. Waves and surf
along this coast were particularly high during the winter months when
the majority of the winds were out of the east and northeast.

Cabras Isiand is the proposed site for an ocean outfall. Cur-
rents in this area were investigated by the installation of current
meters during both surveys and by dye dispersal studies.

Current meter #361 was installed during the winter survey on
a bottom stand in 35 feet (10.7 meters) of wdter approximately 200 yards
(183 meters) off the northwest tip of Cabras Island. Currents during the
period of installation flowed primarily to the west at speeds up to 0.59
knot (.295 m/sec) as shown in figure 60. Progressive vector plots (fig.
61) show that the westerly currents were not only more frequent but were
stronger and resulted in a consistent westerly net movement. Little
correlation between tidal changes and shifts in current speed or direc-
tion is apparent from this data.

Current meter #419 was installed during the summer survey in
about the same location as #361 but in deeper water at 55 feet (16.8
meters). Current speeds (fig. 62) were considerably less than the speeds
recorded during the winter. Current directions were almost equally di-
vided between east and west. Two days of the record from meter #419 are
plotted in figure 63 as progressive vectors and as current speed versus
tide. During this period, directions shifted between northwest and
northeast and resulted in a net northerly drift. Current speeds were
low but reached maximums near low tides.

Four dye injections were made during the winter survey from
the shore adjacent to the current meter location. This dye moved rap-
idly toward the west, initially spreading out along the shoreline.
These data are shown in figures 64 through 67. On 26 February (fig. 66)
dye entered Apra Harbor at the juncture of Glass Breakwater and Cabvas
Island. This dye may have penetrated the breakwater during the spring
high tide, which occurred that morning, or it may have percolated through
cavities in the old reef flat on which the breakwater was constructed.
Dye patches were tracked on six occasions during the summer survey
(figs. 63 through 73). Dye injected during the rising tide flowed
rapidly toward the west in a pattern similar to that observed in the
winter study. Dye injected during the falling tide flowed easterly or

p eddied slowly. Comparisons of dye dispersal data to the current meter
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data show that currents were relatively consistent over the entire area;
currents recorded at the meter corresponded closely to the movement of
the dye patches.

Currents in Agana Bay were investigated by means of three cur-
rent meter installations and dye and drogue tracking. Two current
meters were installed during the winter survey. Meter #346 was placed
on a bottom stand in 35 feet (10.7 meters) of water about 100 yards
(91.4 meters) seaward of the reef margin. It was subjected to heavy
surf that shook it off the stand about 3 days after installation. During
the first 1-1/4 days this meter recorded moderate currents, averaging
less than 0.2 Ynot (.10 m/sec), that oscillated generally east and west
(fig. 74). Early on the afternoon of 17 February, current speeds in-
creased to near 0.5 knot (.25 m/sec) with a constant flow toward the west
and southwest (fig. 75). This strong southwesterly current persisted
until the meter failed. Much of this strong current was due to higher
wave action as water was carried over the reef margin onto the reef flat.
The histograms illustrate the effect of these two differing data segments.
The direction histogram shows a prominent spike toward the southwest
caueed by the strong surf-related ourrents. Smaller spikes toward the
east and west represent the first 1-1/4 days of data. A similar situa-
tion exists in the speed histogram with the presence of a bimodal distri-
bution.
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Figure 74. Progressive vector diagram Figure 75. Progressive vector diagram
of current from meter #346, 0800, 16 of current from meter #346, 1230, 17
February to 0100, 17 February 1971. February to 00307 18 February 1971.
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Current meter #103 was installed on an array at the 50-foot
(15.2-meter) depth. Water depthi at this location was approximately 300
feet (91.4 meters). During the 25-day period, current speeds ranged up
to 0.5 knot (.25 m/sec), but they were most frequent in the interval
between 0.04 to 0.08 knot (.02 to .04 m/sec). Most currents flowed to-
ward the east and northeast. Relatively few observations were recorded
in a southerly direction. Three isolated segments of the data are shown
in detail in figure 76. Data plotted as progressive vectors from the
periods 7 through 8 February and 26 through 27 February show moderate to
slight currents that flowed northeasterly during ebb and northwesterly
during flood. The period 13 through 15 February was characterized by
moderate currents that flowed consistently toward the east.

Current meter #406 was installed in Agana Bay during the summer
survey. It was placed on a bottom stand in 65 feet (19.8 meters) of
water near the location of the existing Agana sewer outfall. As shown
in the speed and direction histograms, currents flowed primarily to the
northeast at speeds ranging up to 0.36 knot (.18 m/sec), but they were
most frequent between 0.04 and 0.01 knot (.02 and .005 m/sec). The first
2 days of these data are plotted as progressive vectors in figure 77.
Speeds during this time averaged about 0.1 knot (.005 m/sec). Currents
flowed generally northwest during the rising tide and northeast during
the falling tide. This directional change in concert with tidal ebb and
flood is in agreement with the data from meter #103 (fig. 76) installed
during the winter season.

Figures 78 through 85 show the patterns of dye dispersal during
the eight dye operations conducted in Agana Bay in August and September
1971. Also shown are the patterns of dispersal of sewage plumes from
the Agana sewer outfall as observed and photographed from the air.
Only two of the 13 dye patches were observed to travel in a westerly or
southwesterly direction. Most moved easterly or northeasterly. The
eddying nature of the currents in shallow water is illustrated by the
patterns of dye dispersal and sewage dispersal seen on I September (fig.
82).

One drogue tracking operation was conducted in this vicinity
during the summer survey (fig. 86). After initial movement toward the
north, the drogues turned and travelled rapidly toward the east. This
flow pattern apparently was a result of currents caused by strong wes-
terly winds which began early on 9 September.

The Cabras Island location appears to have the most favorable
characteristics within the section for placement of a sewage outfall.
Currents there are relatively consistent and will tend to carry effluent
out to sea. Here, as elsewhere, the outfall should be positioned to
prevent the effluent from being carried onto the reef flat by surf
action. Cabras Island has the added advantage of being far from rec-t reational use areas and human habitation.
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The Agana outfall location has the advantage of proximity to
the sewage producing areas and resulting lower cost in pipeline con-
struction. However, this outfall places the effluent close to areas
of high recreational use. As discussed in the Bile and Agat sections,
currents in bays tend to be weaker and to move in circular fashion.
This tendency results in a longer residence time of the effluent in the
coastal waters. Also contributing to the eddying nature of the circu-
lation in Agana Bay is the presence of a wide reef flat. As reported
by Jones and Randall (1971), water is fed to the reef flat by surf
action across the reef margin creating a buildup of water which exits
through openings in the reef at the northern and southern ends of the
bay. Although Jones and Randall reported no present contamination of
the reef flat by the outfall, the situation after the outfall reaches
design capacity (approximately six times the present flow) may require
a reevaluation of the suitability of Agana Bay as an outfall location
or the upgrading of sewage treatment to prevent contaminction of recre-

ational areas.

4. Tumon Section

This section includes the coastline from Ypao Point at the
southern end of Tumon Bay to Uruno Point. A sewer outfall exists at
Haputo Point and plans are to construct an 3utfall in the Tanguisson
Point area. A primary cause for concern is the possibility of sewage
polluting the recreational beaches at Tumon Bay and NCS Beach.

Currents in this area were investigated using bottom-mounted
and arrayed current meters, dye dispersals, and drogues.

During the winter field survey, current meters were installed
on buoyed arrays at Tanguisson Point and Haputo Point. Both meters were
placed at a depth of 50 feet (15.2 meters) in 300 feet (91.4 meters) of
water (fig. 87). The Haputo Point meter (#166) recorded only a few hours
of data before the instrument failed. These data are presented in the
interim report of the winter survey. Current speeds from the Tanguisson
Point meter #356) ranged up to 0.75 knot (.375 m/sec), but they were
most frequent between 0.05 and 0.25 knot (.025 and .125 m/sec). Most of

4the currents flowed northeast and southwest, with northeasterly flow
being predominant. Progressive vector plots do not reveal any correla-
tion between direction of flow and tidal phase.

Four current meters were installed in the section during the
summer field survey. Their locations and the resultant data are shown

In figure 88.

Meter #424 was placed on a bottom stand in 120 feet (36.6 meters)
of water 200 yards (182.9 meters) north of Ypao Point. The meter recorded

relatively slight currents mostly toward the northern half of the compass.

Figure 89 shows 2 days of the data plotted as progressive vectors.
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During this period, net movement was to the north through an apparently
random series of northerly, northwesterly, and northeasterly directions.
Changes in direction or speed did not seem to be related to tidal cycles
2nd were probably due to local meteorolotcal effects.

Meter #423 was placed on a bottom stand off Fafai Beach. It
was located on a submarine slope of about 200 at the 100-foot (30.5-
meter) depth. Because the instrument malfunctioned, the data cannot be
correlated to time except for start and end times. Most of the currents

flowed southwestcrly. Speeds were extremely low, with a majority of the
observations at less than 0.1 knot (.05 m/sec) and very few greater than
0.3 knot (.15 m/sec).

Current meter #413, installed off Tanguisson Point, recorded

only 6 hours of data. It was installed on a bottom stand in 50 feet
(15 2 meters) of water. Although it was functional for only half of a
tidal cycle, the frequency distribution of current directions is very
similar to those of meters #356 and #410, which recorded data for 6 days
and 19 days, respectively.

Current meter #410 was installed 200 yards (182.9 meters) off
Hilaan Point on a bottom stand in i0 feet (21.3 meters) of water. Cur-

rents up to 0.4 knot (.20 m/sec) were recorded, but most of them were
less than 0.2 knot (.10 m/sec). Current directions were roughly parallel
to the coastline. A 66-hour period of the data is shown in figure 90.

0050,3 SEPTEMBER 1971 0150.1 SEPTEMBER 1971
0650

H L 1250

1903EPEBR 912 SEPTEER 1971 100 L

• N H
1253L

H

Figure LEGEMND

LOW TID

Figure 90. Progressive vector diagram of current from meter #410,
p 0150, 1 September to 1950, 3 September 1971.
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.--ring this period, directions shifted between southwest and north-
r.ort.:a.st resulting in a net westerly drift. The general pattern was a
southwest flow for 3 hours before and 6 hours after each lower low water
of the day with less consistent flow at other times.

A total of 38 dye patches was tracked by helicopter between the
NCS Beach and Haputo Point (figs. 91 through 104). They indicated cur-
rents flowing up to 0.4 knot (.20 m/sec) usually paralleling the shore-
line. Between Oceanview and Haputo Point most of the currents moved
northeast. Off the NCS Beach and Tanguisson Point, flow was almost
equally divided between northeast and southwest. Off Hilaan Point, all
but one of the dye patches moved southwest. The direction of movement
was apparently unrelated to the tidal phase. Only one dye patch moved
across the reef (fig. 98). This patch was from a dye cake placed off
Tanguisson Point relatively near the reef. Dye was carried over the
reef by wave action and dispersed on the reef flat. Dye placed off the
NCS Beach on 29 and 30 August and 3 September (figs. 96, 97, and 103)
showed the effects of the rip current which carried water out through a
break in the reef. This current was present regardless of the tidal
phase.

Foue drogues were tracked on 1 September between Tanguisson
Point and Amantes Point (fig. 105). They all moved southwesterly along
the coast at approximately 0.4 knot (.20 m/sec).

An offshore southwesterly flow is apparent in the data z:-om the
current meters installed off Hilaan Point, Cabras Island, and Orote
Point, and from the drogue tracks in figure 105. Nearshore currents are
controlled by a complicated series of eddies from the offshore flow.
The location and shape of the eddies at any particular time are deter-
minea by a combination of many factors, the most important being wind
speed and direction, tidal phase, configuration of the coastline, topog-
raphy of the bottom, wave height and direction, and the speed and
direction of the offshore current. For sewage outfall placement, it is
necessary to determine at what locations the eddies are most likely to
carry pollutants away from shore and into the offshore current.

For an outfall located north of the NCS Beach, the most desir-
able location is one with a northerly current. Another consideration
is the relatively wide reef flat located between Amantes Point and
Hilaan Point. Water is supplied to the shallow reef flat primarily
by the action of waves carrying water across the reef margin. This
wave action creates a longshore current which travels along the reef
flat until a break in the reef is encountered, like the one near NCS
Beach. Sewage carried onto the reef flat would be likely to travel a
considerable distance along the beach before being carried out to sea.
The dye studies reveal that north of Oceanview currents are more likely
to carry pollutants in the desired direction. The ideal location ap-
pears to be Ague Point. Ague Point is located at some distance from
the broad reef flat south of Hilaan Point. Dye at this location con-
sistently moved either northerly or directly out to sea.
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5. Ritidian Section

A "ingle array of current meters was planted 2 miles (3.22 km)
north of ,itidian Point during the summer survey. The array contained
three curr .t meters configured as shown in figure 106. The purpose of
this array was to define the currents passing the northern tip of the
island with the possibility of discovering a strong offshore current
which would carry sewage away from the coast of Guam. The data from
these three meters illustrate the extreme variability with depth of the
currents at this location, and leaves in doubt the existence of a con-
sistent sewage-zemoving current.

Of the three current meters on this array, the bottommost meter
recorded the most consistent and most interesting data. This meter
(#417) was subjected to fast, rapidly reversing currents such as would
be expected In a narrow channel with large tidal changes. The entire
record of current speed from this metez is presented in figure 107.
Shotzer segments of the data are shown in more detail in figure 108.
Currents at 1,165 feet (355 meters) were controlled almost entirely by
the tides. Maximum speeds reached lows on 30 August and 12 September,
1 day after the moon reached first quarter and last quarter (quadrature)
and the same day on which the maximum southerly and northerly declina-
tion of the moon occurred. Neap tides occurred at these times and are
reflected in the currents. Maximum speeds graduall increased through
the first week in September reaching a high on approximately 6 September,
1 day after the full moon (syzygy) and the same day the moon made its
closest monthly approach to earth (perigee). Spring tides were assoc-
iated with these phenomena. This bimonthly cycle of changing tidal
ranges (fortnightly periodicity) is reflected wlmh remarkable clarity
in the current speeds. Maximum speeds describe a sine curve with a
wavelength of about 14 days.

Currents flowed northwesterly during the rising tide and south-
easterly during ebb. Changes in direction occurred within 10 or 20
minutes. If the currents were due entirely to tidal forces, the speed
during ebb would equal that during flood. This was not the case.

4 Currents were stronger during flood and resulted in a net northwesterly
flow. The magnitude and direction of this net flow was determined by
averaging the entire record through the fortmlghtly period of 29 August
through 12 September. An average current of 0.157 knot (.079 m/sec) to-

*ward the north-northwest resulted. This net flow is interpreted as the
influence of the North Equatorial Current.

The surface currents showed little similarity to those at
depth. Speeds from current meters #420, at 89 feet (27.1 meters), and
#404, at 200 feet (61 meters), were considerably lower, and directions
were more variable. A predominance of currents flowed toward the east
at both depths. Little correlation with tidal influences is apparent in
the data from either current meter (figs. 109 and 110).
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The marked difference between currents near the surface and
those close to the bottom is a result of the effects of bottom topog-
raphy and the influence of winds and waves upon the surface layers.
During August a homogeneous mixed layer existed from the surface to a
depth of approximately 300 feet (91 meters). This water mass was separa-
ted from deeper layers by a steep thermocline which extended to approx-
imately 1,300 feet (396 meters). This thermocline is an effective
boundary separating surface c'irrents from those at depth.

Surface drogues were tracked north of Ritidian Point during
February and August (figures 111 and 112). During February surface cur-

rents appeared to be relatively weaker; no movement at all was observed
5 miles (8 km) north of the point. Currents within a mile of Ritidian
Point showed a more easterly component during both winter and summer
than the currents further from shore.

Surface currents north of Ritidian Point flowed against the pre-
vailing winds and opposite to the North Equatorial Current as shown in
both the current meter data and drogue tracking. Additional data cover-
ing longer periods of time will be necessary to resolve this apparent
contradiction. Although the near bottom currents are of interest, they
have little application in sewage pollution problems due to the tendency
of sewage effluent to rise rapidly to the surface.

12

125

------------------------------------ p~,~



14450'N____

r * START 3

24 MIUUARY 1971

DROGUR: TIMM:

Start 1 0926
odi1 1310 TR2

Start 2 0940s.
led2 1140

Stiart 3 0955
Z" 3 1035

130 e.. START I
40' 40
E E

SCALE

I MILE

GUAM
MLAAN POINTMARIANA ISLANDS

Figure 111. Drogue observations in Ritidian Section, 24 February 1971.

126



144050'N

4 STAR T 4

START 2%

130 130~R

E0 E

H 'UTO POINT Ed3 12

Start 1 1005
End4 1100

HIAAN POINT MAEn ISLAN2 S

,SCALE
_____ ___1 MILE - -

I4460'N

Figure 112. Drogue observations in Ritidian Section, 26 August 1971.

127



B, Ecology

The reefs studied are fringing types with similar topographic zones;
each having a reef flat, reef margin, and reef front (terminology after
,racey et al., 1955). These study areas are representative of the
various reef environments found at Guam, and they have two definable
population characteristics: the genera that comprise the population,
and the frequency in which the genera occur. Within a topographic zone
the coral population consists of the same genera; Iowever, the frequency
of occurrence of these genera varies with the environment. Population
characteristics were investigated by comparing the frequency histograms
of the predominant corals within each quadrat. The population charac-
teristics will serve as a baseline for defining environmental changes.
These changes will be verified by correlating changes in the individual
organisms with general population changes.

Figure 113 is a composite frequency histogram of corals in quadrats
1 and 3 located on the first terrace, and figure 114 is a composite
frequency histogram of corals in quadrats 2, 4, and 5 located on the
slope to the second terrace.
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Figure 13. Frequency of occurrence of coral in quadrats on the
first terrace of the reef front (quadrats 1 and 3).
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Figure 114. Frequency of occurrcnce of coral in quadrats on the
second terrace of the reef front (quadrats 2, 4, and 5).
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1. Bile Bay

Bile Bay lies in a protected location on the southwestern
coast of the islcnd. Sheltered inland by mountains and facing south-
west, the bay ra-.eives few strong winds and is not subject to strong
currents. Two s~reams, the Bile and Pigua, empty into the bay and
physically divide it into three parts. Loth streams flow through
sparsely populated regions, and they are used by inhabitants for some
waste removal. The streams are generally low volume; bowever, after
heavy rains large sediment plumes extend into the bay. The streams have
caused an impact sufficient to inhibit coral growth in their direct path
of flow, and in adjacent areas they restrict coral growth to genera with
some tolerance to silting. Figure 115 presents a profile and chart of
the Bile Bay ecological study area.

The reef it Bile Bay is a narrow fringe 110 yards (100.6 meters)
wide. The reet begin, at the shore vegetation line and at its seaward

& J.imit it meets a sans and silt bottom at the 60-foot (18.3-meter) depth.
The reef of the bay center, modified by the outflow of the streams, is
narrow and broken by channels; whereas, the reef at each end of the bay
is broader and more uniform.

A depth of 1 to 2.5 feet (.3 to .75 meter) of water is present
over the reef flat, and because of a poorly developed algal ridge, this
water is constantly recirculated. As a result, coral growth is rela-
tively abundant. Growths of calcareous algae are predominant through-
out, with corals of the genera Pocillopora and Goniastrea scattered in
the recesses. At its seaward edge the algal ridge, subjected to surf
action, is broken by spur and groove formations that extend down the
abrupt reef margin and onto the first terrace. The floors of the grooves
are paved with loose cobbles and boulders. 'he walls of the grooves and
recesses between the boulders provide shelter for coral and numerous
molluscs. At either end of the bay the first terrace extends from the
10-foot (3.0-meter) to the 20-foot (6.1-meter) de~ths and spans 10 to 15
yards (9.1 to 13.7 meters). The energy oZ the en,ronjnent is moderate
to high with little sediment preaent, Coral grow.:h covers about 50 per-
cent of the reef surface. Near the mouth of the streams the terrace is
eroded and irregular, coral growth is less, and sediment carpets large
areas of the bottom. The slope to the second terrace begins at a depth
of 20 feet (6.1 meters) and is 7 to 10 yards (6.4 to 9.1 rueteis) wide.
It supports a luxurious coral community but is restzicted to genera
tolerant of the more turbid conditions and proximity to the silt bottom
of the second terrace.

The primary impact by man on this environment has been through
fishing and shell collecting. Since much of the luxurious reef is rugged
in appearance and occurs in less than 30 feet (9.1 meters) of clear
wate-, it is appealing and easily accessible to the swimmers and
snorklers who visit the bay.
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N QADRAT LOCATION AND NUMBER- E PROFILE LOCATION
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Figure 1.1s . Area chart and reef profile for Bile Bay ecological study.
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The effect of pollution on this environment is minimal and
probably serves as an additional nutrient source. Small amounts of oil
and waste pollutants originate from the use of the bay for recreation
and some is probably carried in fiom Cocos LaFoon, a high-use recreation
area.

Quadrat 1 is on the shallow first terrace at depths of 10 to 15
feet (3.0 to 4.6 meters) in the northern section of the bay (fig. 115).
Little sand or silt is present on the rocky substrate. The distribution
of genera within the quadrat is presented in figure 116. The prominent
corai genera are those that thrive in a silt-free moderate to high
energy environment, and they included Montipora, Porites, Acropora,
Pocillopora, and Goniastrea. Histograms of the coral population are
presented in figure 117.

Photographs of individual corals were made to monitor natural
changes in the reef population and to detect changes that could occur
from pollution. Plates . and 2 show the present condition of two small
coral communitiee. Plate 3 shows the state of repair of a damaged sec-
tion of a Leptoria head. The locations of these photographs are shaded
on the species distribution chart.

Quadrat 2 is adjacent to the Bile River channel on the slope
to the second terrace at depths of 35 to 50 feet (10.7 to 15.2 meters)
(fig. 115). The slope at the quadrat consists of irregular spurs and
grooves with a steep seaward gradient. Considerable sediment blankets
the area and ii especially heavy in the grooves and deeper sections of
the quadrat. This sediment has a controlling influence on the population

tk of the quadrat. Coral coverage in the quadrat is moderate and confined
to a few genera (fig. 118). The three prominent genera are Lobophyllia,
which has about a 25 percent frequency of occurrence, and Porites and
Porites (Synaraea), which total 26 percent frequency of occurrence
(fig. 119). The remaining occurrences are by 31 different species,
each with fewer than 8 percent frequency.

The predominance of a few genera within a population indicates
the controlling influences of the environment, and an alteratiun in this

' population structure will indicate environmental changes. Individual
specimens were selected as environmental indicators, and they were doc-
umented for monitoring on future periodic surveys. Specific examples
are presented in plates 4, 5, 6, and 7.
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Figure 117. Frequency of occurrence of coral in
quadrat 1, Bile Bay.

Plate 1. Photo 9-8 in Quadrat 1, Bile Bay - Species

of Montipora, Porites, and Goniastrea growing in

close spacial association.
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Plate 2. Photo 9-9 in Quadrat 1, Bile Bay - Young
growth of soft corals growing around the hard coral
Astreopora, center and lower left.
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Figure 119. Frequency ot occurrence of coral in
quadrat 2, Bile Bay.

I1

Plate 4. Photo 5-2 in Quadrat 2, Bile Bay -Porites

(Synaraea) and calcareous algae growth establishing
on an old growth of Lobophyllia.
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Plate 5. Photo 5-8 in Quadrat 2, Bile Bay-
Oulophyllia, Porites (Synaraea), and calcareous
algae growing over an old coral rock base.

Plate 6. Photo 5-10 in Quadrat 2, Bile Bay-
Seriatopora growing on a section of Lobophyllia head.
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Plate 7. Photo 6-5 in Quadrat 2, Bile Bay - Species
of Goniastrea with basal portions shrouded with cal-
careous algae.

2. Sella Bay

Two rivers, the Sella and the Asmafines, flowing into Sella Bay
created distinct inner and outer reef environments. These environments
are an inner bay with limited coral growth, low salinities, arid gener-
ally turbid waters, and an outer bay with luxurious coral communities
and relatively clear water.

The inn er bay is defined as that part of the reef which is
severely modified by the streams. Included in the inner bay are a
debris-laden rocky flaL, a low algal ridge, and a steep reef margin di-
sected by channels and caverns. Nearshore, sediment from thR streams
inhibits coral growth on the rocky flat. At the reef margin the sand
and sediment are carried through holes and into the channels. The walls
of the channels and caverns, where sediment does not collect, support
calcareous algae and the hard coral Porites, which is tolerant of turbid
conditions and high sedimentation rates. In the deeper portions of the
inner bay (greater than 20 feet (6.1 meters)) the silt covered bottom is
unsuitable for coral growth.

Within 500 feet (152.4 meters) from the mouths of the streams
(the center of the bay) where turbidity diminishes considerably, coral
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growth is more varied with Pocillopora, Montipora, and Favites joining

the ever-present Porites. In the deeper areas of 20 to 30 feet (6.1 to

9.1 meters) Porites (Synaraea) and Lobophyllia are found.

At the entrance to the bay, 1,000 feet (305 meters) from the

mouths of the streams, horizontal visibility ranges up to 100 feet (30.5

meters) and water clarity has become sufficient to support vigorous

coral growth to depths of 60 feet (18.3 meters). Here, the corals are

far enough from the mouths of the streams to be unaffected by silting.

The first terrace beyond the reef margin of the outer bay is at

20- to 30-foot (6.1- to 9.1-meter) depths and several hundred feet wide.

On this terrace the most abundant genera are Montipora, Acropora,

Pocillopora, Favites, and enormous heads of Porites. These genera indi-

cate a medium- to high-energy environment as produced by waves on the
slope. Reef giowth continues down a gradual slope to a sand and silt
terrace at 60 feet (18.3 meters).

Because of the relative remoteness of this area, there is
little human impact on the bay. A few people visit the bay for sight-
seeing and skin diving. The possibility of marine construction in
Sella Bay and the development. of the Sella River valley is a primary
concern. Building roads and shore facilities with subsequent denuda-
tion of the land would subftantially increase the volume of water and
sediment load carried by the rivers. This would result in major changes
to the Sella Bay reef conmunity.

Two quadrats established in Sella Bay on the reef front are
representative of the shallow- and deep-water environments (fig. 120).
Quadrat 3, in 5 to 15 feet (1.5 to 4.6 meters) of water, is on the first
terrace near the edge of the reef margin. The substrate of the quadrat
is rock with some g7:ooves and holes containing small amounts of sand.
A photomosaic of the quadrat is shown in plate 8. Figure 121 shows the
distribution of sessile organisms within the quadrat.

The coral communities of this upper reef front, typical of most
of the first terrace, consists of many Montipora, Acropora, Favites,
and Pocillopora. Figure 122 presents histograms of the frequency of
occurrence of corals in this quadrat. These corals are also common to
the first terrace at Bile Bay; however, the predominance in quadrat 3
of the silt-tolerant Favites and the fewer Goniastrea (not tolerant to
silting) indicates an environment more influenced by silting. Examples
of the specimens selected as environmental indicators for this quadrat
are pictured in plates 9, 10, and 11.

Quadrat 4, in 35 to 50 feet (10.7 to 15.2 meters) of water, is
about 100 yards (91.4 meters) west of quadrat 3 oa the slope to the
second terrace. At the quadrat the reef is a rounded slope of 30* to
40, relatively uncontaminated by sediment or debris.
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Plate 8. Photomosair of Quadrat 3, Sella Bay.
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Figure 122. Frequency of occurrence of coral in
quadrat 3, Sella Bay.

Plate 9. Ph~,to 13-3 in Quadrat 3, Sella Bay -A
species of Porites suffering from predation by fish.
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Plate 10. Photo 13-4 in Quadrat 3, Sella Bay-
Species of Acropora and Pocillopora.

Plate 11. Photo 13-7 in Quadrat 3, Sella Bay -A
species of Favites with polyps out thriving under
a ledge in silt-laden hole.
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Figure 123 shows the distribution of organisms within quadrat 4.
The coral communities on this slope are among the most varied and
luxurious in the leeward coastal waters, a condition attributed to
plentiful nutrients and high water clarity. A count of the sessile
population showed 1,726 organisms consisting of 48 species. Porites,
Favia, Astreopora, Favites, and Montipora are the most prominent
genera as shown in the frequency of occurrence histograms in figure 124.
Plates 12, 13, 14, and 15 are representative photographs of some of the
specimens which were selected in quadrat 4 for future monitorIng of the
environment.

3. Anae Island

The deep reef south of Anae Island was selected as a control
quadrat location. Figure 125 presents a reef profile and chart of the
area. It is neither polluted nor near a proposed ocean outfall. Monitor-
ing this environment will help determine what reef changes are occurring
naturally.

The reef flat, separated from the reef front by an elevated
ridge, is heavily influenced by mud and silt from two small streams.
The reef margin is a zone of high energy and luxurious coral growth.
This zone of coral pinnacles, boulders, and caverns contains a dense
population of Acropora, Porites, Montipora, Millepora, and calcareous
algae. The reef front is a broad gradual slope dissected by sand-
filled channels.

Quadrat 5 was installed on the reef front in 55 to 60 feet (16.8
to 18.3 meters) of water 100 yards (91.4 meters) south of Anae Island
(fig. 125). The coral population of quadrat 5 (fig. 126) consists of
33 species and 542 organisms; fewer than in the other two deep reef fronts
studied (quadrats 2 and 4). The reason for fewer corals in this quadrat
is that a sand channel comprises a third of the quadrat area. The pop-
ulation in this quadrat is very similar tc the population at quadrat 4
in Sella Bay; both have Porite, Favia, Astreopora, Favites, and Montipora
as the most prominent genera. Quadrats 4 and 5 also are relatively sim-
ilar in depth, water clarity, and proximity to a sand bottom. Figure
127 presents histograms of frequency occurrence of corals in quadrat 5.
The other deep reef area studied (quadrat 2 at Bile Bay) has similarities
to quadrat 5 also: Porites, Montipora, and Favia are common there; how-

ever, Lobophyllia and Porites (Synaraea), the most prominent genera at
quadrat 2, which is heavily silted, are insignificant at quadrat 5.

Some of the individual organisms that were selected from tais
4 .quadrat for photographic documentation are shown in plates 16, 17, 19,

and 19. Some of the organisms selected are of the same genera as those
selected from quadrats 2 and 4. This selection will enable a future
comparison of modifications to the same genera from environments which
may be affected by sewage effluent.
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Figure 124. Frequency of occurrence of coral in
quadrat 4, Sella Bay.
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Plate 12. Photo 26-3 in Quadrat 4, Sella Bay -Porites

growth in association with sponge, and Montipora and
Favia in competition for space.
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Plate 13. Photo 26-13 in Quadrat 4, Sella Bay -An

old head of Astreopora that has been damaged and en-
croached on by algae and Pocillopora.
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Plate 14. Photo 26-19 in Quadrat 4, Sella Bay -An

old head of Lobuphyllia damaged exten sively.

K'k

5..

Plate 15. Photo 27-2 in Quadrat 4, Sella Bay-
ilerpolitha and new growth of Lobophyllia in a silt-
laden depression.
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figure 127. Frequency of occurrence of coral in
quae.rat 5, Anae Island area.

Plate 16. Photo 18-3 in Quadrat 5, Anae Island area-
Species of Astreopora growing on a dead coral head and
existing with algae.
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Plate 17. Photo 18-6 in Quadrat 5, Anae Island area -

Species of Montipora partially dead in spots probably
caused from feeding by the crown-of-thorns.

Plate 18. Photo 18-10 in Quadrat 5, Anae Island area -

A small species of Pocillopora in an open, unprotected
area.
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Plate 19. Photo 18-1 in Quadrat 5, Anae Island area -

Several species of Porites, some 3howing signn of fish
grazing.

4. Bangi Island

This study area is a broad, sha]low reef flat adjacent to Bangi
Island. The flat extends 700 yards (640 meters) from a sand and mud
shore to an algal ridge chat is awash at low tide. A chart and profile
of the area are shown in figure 128. This reef flat is characterized by
the limiting factors of high sediment level, unstable bottom, ard large
temperature variations. The reef flat communities are zoned pardllel to
the shore, and most are dominated by the marine grass, Zostera sp. From
the shoreline, these zones are: (1) barren, mud and 3and; (2) Zostera
and Pocillopora; (3) Zostera, Pocillopora, and Pavona; (4) Zostera,
Pavora, and Porites; (5) Zostera, Porites, and Acropora; (6) Turbinaria;
and (7) the algal ridge. Zonations of species in reef flat communities
are common and have been desciibed for similar area- by Mayor (1924) and
Tracey et al. (1964). Generally, the communities of the reef flat a e
less populated than those on the reef front, a condition attributed to
the limiting environmental factors of the reef flat.

Quadrat 6 (fig. 129) is located 500 yards (457 meters) from shore
in a transition area between the Pavona/Pocilllcpora zone and the Pavona/
1orites zone. The bottom coverage is equally divided between marine
grass and coral and open holes with sand and gravel. Water depth over
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the bottom of the holes is 3 to 4 feet (.9 to 1.2 meters) but only
inches over the grass and large coral heads. The grass has stabilized
the sand, but in the holes the sand is continually shifting, thus, in-
hibiting coral growth. The prominent organisms are Pavona, Porites,
Pocillopora, and Acropora (fig. 130). The sessile population of the

quadrat covers about 15 percent of the bottom and consists of 98 organisms
of seven species. In most instances, coral growth in the quadrat is con-

fined tu Rreas stabilized by the grass (Zostera) and the higher rocky
areas. Some coral growth, primarily Pocillopora and Pavona, occurs in
the sand holes, but quite often these corals are partially dead because
of t'ie instability of the substrate.

Individual organisms were selected for documentation from both
the grass areas and sand holes. The prominent genera for the transi-
tion zone are represented along with genera that characterize adjacent
zones. Plates 20, 21, and 22 depict some of these specimens.

Percent rflv.My of Ocfflc *

0 1 4 6 1 10 la 14 36 is 20 fl 24 26 20 30 12 14 36 4

1.... I~ I. . . . .Ica .1.Lcr,1e. op.

ravitee op

Figure 1?0. Frequency of occurrence of coral in quadrat 6, Bangi Island
area.

ii

Plate 20. Photo 14-9 in Quadrat 6, Rangi Island area - Sp -.es of
Pocillopora (center) covered with algae attached to a rock in a sand
hole. Underneath portioni are dead. Dead Acropora and calcareous
itter surround the area. Porites in bottem half of the photo.
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Plate 21. Photo 17-7 in Quadrat 6, Bangi Island area-
A species of Pavona (center) in a Zostera/'~and edge zone.

.4 4

*--

L VA

Plate 22. Photo 17-8 in Quadrat 6, Bangi Island area -
Species of Porites in background showing characteristic
round toadstool base and table top. Pavona and dead coral
debris in foreground.
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5. Piti Bay

Piti Bay (fig. 131) faces north-northwest, subjecting it to
northerly winds and waves, which create strong currents in the outer
section of the reef flat. Four distinct environments were observed on
the reef flat: (1) a mud and grass flat extending from the shore;
(2) a lagoon 10 feet (3.0 meters) deep with large deeper holes; (3) a
shallower central zone (the quadrat area) dominated by Porites and
Alcyonaria; and (4) :n outer zone dominated by Acropora.

An outfall is located at Asan Point on the northern end of the
bay, and sewage flows south into and across the reef flat. Additional
pollutants are carried into the area by two streams which flow through
populated areas. Little is known about the affect of sewage on a
coral community. Sargent and Austin (1954) conducted a study at Bikini
on the bioproduction of a coral reef washed by an unidirectional cur-
rent, and they concluded that the community produced more organic mat-
ter than it consumed. A reef subjected to sewage pollution would not
necessarily derive any benefit from the additional nutrients. Harmful
effects of chemicals or in'reased turbidity would result if concentra-
tions were extreme.

Quadrat 7 Is located near the edge of the shallow lagoon about
1,050 yards (960 meters) from shore (fig. 131). A steady southerly cur-
rent of 1 to 1.5 knots (.5 m/sec to .75 m/sec) flowed through the area
during the installation and survey of the quadrat. The current was due
to moderate surf, which carried water into the lagoon over the northern
reef margin. This water exited through one of several channels in Piti
Bay.

The area contains a sessile population, prinarily soft corals
(Alcyonaria) and Porites (fig. 132). The soft corals blanket about 20
percent of the bottom by attaching to the coral rock substrate, and are
surrounded by sand 6 to 8 inches (15.24 to 20.32 centimeters) deep at
the basal disks. The Porites heads are boulder-size structures that rise
2 to 3 feet (.6 to .9 meter) off the reef floor and provide attachment
surfaces for other corals away from the sand. The population consists of
17 species totaling 202 organisms of which 46 percent are Porites and 33
percent are Alcyonaria (fig. 133). This area, with many soft corals, is
unlike any of the other quadrats. Predominance of the soft corals is
probably maintained through their tolerance of the shifting sand.

Predominant organisms in the sand (plates 23 and 24) and organ-
isms on the boulders (plates 25 and 26) were selected for documentation.

1

i 167

1']



OCAMEL ROCK _______________

r~e, 7
0 QUADRAT LOCATION AND NUMBER

EM PROFILE LOCATION

Im ASAN SAY

ASAN
DINT

£01~f 0

SCALE IN MILES

REEF FLAT

4.0
QUADRAT.

6d0 90 0010w

DISTANCE FROM SHORE IN YARDS

Figure 131. Area chart and reef profile for Piti Bay ecological study.

168



T044A1.0 meters (32.8 feet) 4A,/KE OO1DA
4 -KEY TO QUIA.RAT SK

Qt141. * . ktt. Z , I LOa rIc

4Af~~a. r La. r,

4 v 4T4bZA. C f E. .jta (0-n)

E~: o(~~kEE. f. P. ,..n,,fna (Lana

I . Cf .dac"n.(fn..4AE T2d cf. !. V'i~c.-; (fII*. and
TI T Le,om" P. ok.n

(DI P 1T )A. cf. A. .aff (Lar-c$)

)4 I. Cf. A. Co-b.. ( oan. )
0 T 4A CA: ,ota loba., a Dana

00 
_

SA 4 S ol. .,.0

YA F I (L-. niba

7b. F Cna (Nalla)Ki4A'j 4A VAA
4A 4 f k ) /3 10 .hD0n (F .ea)

I IA. F .fa

4A 4A4A 4A6 V . ~f . . ....Da
fib. l . r.Cfnf (iaa.

4A( k b (51 T0 , .FAa, n I .

4A) b. £nl'l" S. R. b-ni x)

AA~ 4*:4- 4A 19 4A- 80 12A:lf
2) . Ca . La~aa9 .f.a4

(S), WA_ _ 1C

e4b~ . il., . af
4A ' 4A TS If. .unr aaao (afa

4A T* 1 . jylafn( -1
_t.0 6Ls 481-- -1 .C bn,f it ~o~a

CLAMI \4~/0 . af ~daiF. n..C~t

6b 0 4A2 bcJ(Inoi~~~~A- 4A---Ish~T'~4c'~ __- Ff. 1aif.0 ab pt4r

F i g u r e~ ~ 1 3 2 .S p e i e d i'rb u i o c hD,.ad a-,i i B y50K(. -
4A f ( -12169

KA 4 a Fl



10 meters (32.8 feet)
T A4AJIn-J 4A- KEY TO QUADRAT SKETCHES

4A-(3 Y Q 4 IA. 111. 01rl, M fh-llft

4A I': 9li.. t, .i 3.l.badirnoi

(4A ( E. Qd4 2A . P. w-r...(lAndSl) ar
(:§ 4ATQIA b'. Cf. 0 p.lea ...nIb

/) 4A T. 

n . A a b a (a,~

L-0 C7A'3. Cf. A. 1onl .a ( r 0b 4A E . E A- .. n IoL

./'' ) . . o .
4A 

)A:
5 ' 2 ~ E2 C f . (L-fhnl ~k__

4A 4ADT if/ I k . or' s !A, h. D -0~lnll

&9b /b'fJ ~4 4A T~j 4bLL i.0. F~3-j f . .2. ,)L)

\( 2 % .naaalnnla0.1
00 A b. V-1.112 ( 11.

(Z) 4A T4b 26' A G. rtc-. (L"-n.)

4?P S 4A 
i A !~r:a~ a

A 4A QCA 4aAo4b d. 1.1n a .,

11~~l~l~.cn 64baIaa andA 9A. U-1111)
IS .015 Pan-a~ Q)oaa

T) 0 11A hln..l aj.. (111 nd lane
Q)ooor (3,2 I2~lnII

4A/ 1 ~2 ' top. P " Mnb r-423: Q 4A 12A sr~ 0-0. ~ad.ad
4A

:5 :P- rlI... .. Idond. anI ..
4AS 4A T M ' A llono,. a .Sa. )

C ~T %-3 Q II . l' Lon5 Ifntna~ = (LantgarA Eof) ~ r

4: I aS hi

1-2ood .p. Lanar. - 1

T 0 . Ilbo uap. w02

4A 4L T _ -Pj n.. ..1100 an ..at .I.,

4A4A4AC3 12 ---



F.tc.nt Yrequ..cy of Ocour..... 
0 2 4 6 0 10 12 1 4 16 18 20 22 24 26 21 30 32 34 36 36 40

i2±~ , 0 
1 ! I~

o..... poctinot.

Pliylr rust"C

M.too13 .. *P.

IfLeptor. *p.u

Figure 133. Frequency of occurrence of coral in
quadrat 7, Piti Bay.

Plate 23. Photo 33-7 in Quadrat 7, Piti Bay -Alcyonarian

attached to a rock substrate in a Band-layered bottom.
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Plate 24. Photo 33-10 in Quadrat 7, Piti Bay -Porites

growing on rock protruding from a sand-layered bottom.
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Plate 26. Photo 38-7 in Quadrat 7, Piti Bay
Alcyonarians and Porites growth on a rock protrusion.
Organisms completely engulf the rock.

6. *Twnon Bay

Its sandy beaches and wide, shallow lagoon make Tuwon Bay one
of the favorite tourist sites on the island. Several large hotels have
been built along the shore and the Guam community uses the bay exten-
sively for sunbathing, swimming, and fishing. Figure 134 is an area
chart and reef profile of the bay.

Three days of observations were made of the fringing reef at
Tumon. The reef front had been decimated by the starfish, Acanthaster
(crowin-of-zhorns), and presented an ugly view of dead coral buttresses
and pillars. This reef sector now appears to be in an early stage of
redevelopment with sponges, algae, the coral Galaxea, and the hydrorian
Millepora being predominant. The reef flat extends 550 yards (503 meters)
from the shore to the algal ridge and encompasses the following zones:
(1) beach sand and marine grass (0-100 yards (0-91.4 meters)); (2) sand,
and coral of the genera Goniastrea, Porites, and Acropora (100-350 yards
(91.4-320 meters)); and (3) sand, rock, and coral of the genera
Pocillopora, Acropora, and.Porites (350-550 yards (320-503 meters)). A
similar traverse was run by Tracey et al. (op. cit.) before the starfish
infestation, and comparison of data indicates the reef flat did nt suffer
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Figure 134. Area chart and reef profile for Tumon Bay ecological study.
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from the crown-of-thorns invasion, nor has it been significantly
damaged by heavy recreational use.

Quadrat 8, located in the Pocillopora, Acropora, and Porites
zone, is covered by 6 inches to 2 feet (15.24 centimeters to .6 meter)
of water depending on the tide. Much of the bottom is covered by sand
and loose coral, especially around the Acropora thickets. Figure 135
presents the species distribution in the quadrat. The population con-
sisted of 226 sessile organisms of nine genera with Pocillopora,
Acropora, Porites, and Pavona occurring most frequently (fig. 136).

As in quadrat 6 at Alutom island, the Pocillopora clumps occur-
ring in the sand were partly dead and covered by algae. Although
Pocillopora occurred with the greatest frequency, Acropora and the
hydrozoan Palythoa actually covered the largest area. Another distinc-
tive organism in the quadrat was a cone-shaped dark green sponge. The
occurrence of Acropora and Pocillopora on the sand substrate indicates
a high-_nergy environment, because these corals do not exist with sand
or silt unless moving water is present to clean them. A strong current
was moving south across the flat through a break in the reef margin.
Plates 27, 28, and 29 are representative photographs taken to document
the existing population.

I
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Figure 136. Frequency of occurrence of coral in
quadrat S, Tumon Bay.
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Plate 27. Photo 34-2 in Quadrat 8, Tuinon b3ay -Small

growths of Porites on rocks protruding from sand and
rubble.
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Plate 28. Photo 34-18 in Quadrat 8, Tumon Bay -Large

thickets of Acropora on sand-covered bottom. The sand
also supports a community of green algae.

0 .4

-*a. - A A



IV. CONCLUSIONS AND RECOMMENDATIONS

Bile Bay appears to be a relatively poor location for a sewer

outfall. Sewage discharged into the bay will be caught by slowly
eddying currents and will remain in coastal v:aters for long periods

of time. The most favorable locations within this section would

appear to oe at Facpi Point and off the extreme southwestern end c'

Cocos Island. It is recommended that Mamatgun Point and Fouha Point

be investigated as possible alternatives fnr an outfall in the Bile
Bay area.

The current data collected in the Agat section give another example

,f the general unsuitability of bays and other semienclosed watez3 for

sewage disposal. The slow eddynj of surface waters within Agat Bay

is in marked contrast to the stvouger. wore consisterv. flow off Facpi

PQint, Orote Peninsula, and Tanrapalo Point. Sewage released at the
Agat outfall pollutes a large area of Agat Bay. The outfali at Tan-

tapalo Point appears to be in a more favorable location. Here, the

prevailing currents tend to carry the effluent west along the rugged,
unpopulated coast of Orote Peninsula where it is eventually dispersed
by the strong currents off the tip of the peninsula.

The Agana outfall location has the advantage of proximity to the
sewage producing areas and resulting lower cost in pipeline construc-
tion. However, this outfall places the effluent close to areas of

high recreational use. Contributing to the eddying nature of the cir-

culation in Agana Bay is the presence of a wide reef flat. After the
outfall reaches design capacity (approximatel six times the present
flow) a reevaluation should be made of the suitability of Agana Bay as
an outfall location, or sewage treatment should be upgraded to prevent
contamination of recreational areas. The possibility of placing an
outfall at Cabras Island to serve the entire zentral portion of Guam
and to eventually replace the Agana outfall should be investigated.

North of the NCS Beach, a relatively wide reef flat is located be-
tween Amantes Point and Hilaan Point. Water is supplied to this shal-
low reef flat primarily by the action of waves carrying wat.:r across
the reef margin. Wave action creates a longshore current which t~dvels
along the reef flat until a break in the reef is encountered. Sewage

carried onto the reef flat would be likely tc travel a considerable
distance al:ng the beach before being carried out to sea. Dye studies

reveal that aorth of Oceanview currents are more likely to carry pol-
lutants in the desired direction. The ideal location for n outfall
appears tc be Ague Point which is located at some distance , the
broad reef flat south of Hllaan Point. Dye at this locatc,. consis-

tently moved either northerly cr directly out to sea.

Surface cur:ents north of Ritldian Point flowed againsL the pre-
vailing winds and opjposite to the North Equatorial Current. iditional
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data covering longer periods of time- will be necessary to resolve this
apparent contradiction. Although the near-bottom currents are of
interest, they have little application in sewage pollution problems due
to thp, tendency of sewage effluent to rise rapidly to the surface.

Eight ecological quadrats have been installed in bay areas along
the western coast of Gu-am. Species distribution charts of each quadrat
and photographs of indivi'lua specimens have been made to monitor nat-
ural changes in the reef pulation and to detect changes caused by
pollution. These quadrats should be monitored periodically to detect
the effects of continued military and civilian construction on the
island. Additionally, more ecological investigations should be made
and quadrats icstalled to include the locations of proposed outfalls
and future construction.
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V. CONVERSION TABLES - METRIC AND ENGLISH UNITS

-YELOCITY CONVERSION-KNOTS TO METERS PER SECOND

Knots 0 1 2 3 4 5 6 7 8 9

00 -------------------------------- 00.0 00. 5 01.0 01.5 12. 1 (j2 6 013. i (1. 6 0i.1 . 1I). 6
10 ------------------------------ 05.2 05.7! 06.2 06. 7 07.2 07.7 (3S 2 08.8 09.3 09. 8
20 ------------------------------- 10.3 10.8 11.3 11.8 12.4 12.9 13 .1 13.9 1.1.1 11.9
30 --------------------------------- 15.4 16.0 16.5 17.0 17.5 18.0 18.5 19.1 19. 6 20.1
40 --------------------------------- 20.6 21. 1 21.6 22. 1 22.7 2:3.2 21.7 2.1.2 2.1.7 25.2

50 ------------------------------- 25.7 26.3 26.8 27.3 .27.8 28.3 2S.8 29.:3 29. 9 :10.4
60 ----------------------------- 30.9 31.4 31.9 32.4 33. 0 33. 5 31. 0 :14 5 35 0 :55.5
70 --------------------------------- 36.0 36.6 37.1 37.6 38. 1 38.6 W19. I 39. 6 .10.2 .10.7
80 ------------------------------- 41.2 41.7 42.2 42.7 43.2 43.8 .11. :1 44.8 45.3 .15.9
90 ------------------------------ 46.3 46.9 47.4 47.9 484 48.9 19.4 19.9 50.5 51.0

-DISTANCE CONVERSION-NAUTICAL MYLES TO KILOMETERS

Nauticai miles 0 1 2 3 4 5 6 7 8 9

0 ----------- 0.0 1.8 3.7 5,6 7.4 9 . 3 11.1 13.0 14.8 16.7
10 ------------ 18.5 20.4 22.2 24.1 25.9 27.8 29.7 31.5 33.4 35.2

20 ----------- 37.1 38.9 40 81 42.6 44.5 46.3 48.2 50.0 51.9 53.7

30 ----------- 55.6 57.5 59.3 6).2 63.0 64.9 66.7 68.6 70.4 72.3
40 ----------- 74.1 76.0 77.8 79.7 81.5 83.4 85.2 87.1 89.0 90.8

50 ----------- 92.7 94.5 96.4 98.2 100.1 101.9 103.8 105.6 107.5 109.3
60 ----------- 111.2 113.0 114.9 116.8 118.6 120.5 122.3 124.2 126.0 127.9
70 ----------- 129.7 131.6 133.4 135.3 137.1 139.A 1140.8 142.7 144.6 146.4
80 ------------ 148.3 150.1 152.0 153.8 155.7 157.:) 159.4 161.2 163.1 164.9
90 ----------- 166.8 168.6 170.5 172.4 174.2 17G.1 177.9 179.8 181.6 183.5
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DEPTH CONVERSION- FEET TO NIETERS

Feet J 0 1 2 ~ 3 4 5 6 7 8 9

0 ---- .-- ........- 0.0 0.3 0.6 0 9 1.2 1.5 1.8 2.1 2.4 2.7
10 -.. ........ 3.0 3.4 3.7 4.0 4.3 4.6 4.9 5.2 5.5 5.8
20 ............ 6. 3 6.4 6 7 7.0 7.3 7.6 7.9 8 2 8.5 8.8
30 --- - .-------- 9.1 9.4 9.8 10 1 1(0 1 10.7 11.0 11.3 1i.6 11.9
40 --------------- 12.2 12.5 12.8 13.1 134 13.7 11.0 14.3 14.6 1.1.9

50 -------------- 15.2 15.5 15.8 16. 1 16 5 16.8 17.1 I 17.4 17.7 18.0
60 ............. 18. 3 18 6 I 9 9 2 19 5 19 8 20. 1 20. 4 2C 7 21 0
70 .............. 21.3 21.6 21 9 22. 3 22 6 229 2:3 23.5 2:3.8 2. 1
80 ............... 24. 4 2.1.7 25 0 25.3 25. 6 23. 9 2, 2 26.5 26 8 27. 1
90 --------------- 27.4 27.7 28.0 28.3 28.7 29.0 29..3 29.6 29.9 302

100 ------------- 30.5 30.8 31. 1 31.4 31 7 32.0 32.3 32.6 32.9 :33. 2
!10 ............ .. 33. 5 33. 8 34. 1 34. ! 34. 7 35. I 35. 4 :35. 7 36 0 361 3
120 .............. :36. 6 :36. 9 37 2 37. 5 37.8 38. 1 38. 4 38.7 3. 39, 3
130.............. 39. 6i 39. 9 40.2 10.5 40.8 41. 1 4i. 5 41.8 12. 1 42.4
140 -------------- 42. 7 13. 0 43. 3 43. 6 43. 9 44. 2 44. 5 44. -15 1 -5. 4

150 ------------- 45.7 46 0 46.3 46. 6 46 9 47. 2 47. 5 47.9 18.2 48 5
160 .............. 48. 8 49. 1 49. 4 49 7 50 0 50.3 50. 6 50.9 51.2 6! 5
170 .............. 51.8 5.. 1 52. 4 52 7 53. 0 53 3 53. 6 53.9 51. 3 54 6
180 .............. 54.9 55.2 55.5 55 8 56 1 56.4 56.7 57.0 57.3 57.6
190 -------------- 57.9 58.2 58.5 5&.8 59.1 59.4 59.7 60.0 601 60.7

200 .............. 61.0 61. 3 61. A 61. 9 62.2 62.5 62.8 6:3.1 6:3.4 63.7
210 ------------- 64.0 64.3 64. 6 64 9 6 2 65.5 65 8 C6. 66.1 66.8
220 ............. 67. 1 67.4 67. 7 ' r 0 68. 3 68 68. 9 69.2 69.5 69. 8
230-- ........ .. 70.1 70.4 70.71 71.0 71.3 71.6 71.9 72.2 72.5 72.8
240 -------------- 73.2 73.5 73.8 71. 1 74.4 74. 7 75.0 75.3 75 6 75.9

250 .............. 76.2 76.5 76.8 77.1 77.4 77.7 780 78.3 786 78.9
260 -------------- 79.2 79.6 79.9 80.2 80 5 808 81.1 81.4 81.7 82 0
270 -------------- 82.3 82.6 82.9 83 2 8:3.51 83.8 84.1 84.4 847 85. 0
280 ------------- 85. 85.6 86 0 86.3 86 6 86.9 87.2 87. 878 8S.1
290 -------------- S.4 88 7 89.0 89.3 89.61 89.9 90. 2 90. 90.8 91.1

Feet 00 10 20 30 40 50 60 70 8o 90

300 .............. 91.4 94.5 97.5 100 6 103 6 i06. 7 109.7 112.8 115.8 189
400 ............ 121.9 125.0 128 0 131. 1 134. 1 37. 2 140.2 1-13.3 146 3 149 4
500 .............. 152.4 155. 4 158.5 161. 5 164. 6 167. 6 1707 1737 176. 8 179.8
600 -------------- 182. 9 185. 9 189.0 192. 0 195 1 198. 1 201.2 204.2 207.3 210. 3
700 -------------- 213. 4 216. 4 219. 5 222 5 225. 6 228. 6 231.6 234. 7 237. 7 240. 8

800. 243.8 246. 9 249. 9 253. 0 256. 0 259. 1 262. 1 265.2 268. 2 271. 3
900--------------- 274.3 277. 4 280. 4 283.5 286.5 289 6 292.6 295. 7 298 7 301.8

Feet 000 100 200 300 400 500 600 700 800 900

1,1110 ............. 305 335 366 396 427 457 488 518 549 579
2,000 ............. 610 641) 671 701 , 7:32 762 792 823 8.53 884
3,00 ............. 914 945 975 1. 006 1, 036 .067 i 097 1. 128 1. 158 1. 189
4,09 ............. 1,219 1 250 1.280 1,311 1,311 1,372 1,402 1,4:33 1.463 1, 491
5,0(,0 ............. 1,524 1,554 1.585 1.615 1.616 I 1.676 1,707 1, 737 1,768 1.798

6.100 ............ 3. 829 1. 859 3, 890 1. 120 I. 951 ,. 9S1 2.012 2. 042 2. 073 2. 103
7,000--------------2, 134 2, 164 2. ,95 2 225 2,256 2. 286 2,316 2.347 2. 377 2,408
8,000 ............ 2,438 2,469 2. 499 2, 530 2, 560 2. 591 2. 621 2.652 2 6S2 2. 713
9,000 ............. 2, 743 2,774 2, 804 2. 835 2.865 2,896 2,926 2,957 2,987 3,018
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